The in-flight ice formation and accretion are highly dependent on weather conditions that essentially affect the heat transfer capability. When the temperature is sufficiently cold, the heat transfer is adequate to remove all of the latent heat from the collected water. The rate of rime ice accretion is controlled by the droplet collection efficiency. Otherwise, when the heat transfer is inadequate to remove all of the latent heat in collected water, the rate of glaze ice accretion is essentially controlled by the local convective heat transfer, which determines the amount of latent heat removal from the collected water. To better understand the physical details during an ice accretion process, time resolved heat transfer information is important and strongly desired. In this study, a methodology based on infrared thermography was developed to achieve nonintrusive measurements of unsteady heat transfer process over an ice accreting NACA 0012 airfoil. Comprehensive 2-D surface temperature distribution measurements under various icing conditions (e.g. air temperature, liquid water content, and wind speed) were performed in an icing wind tunnel. A heat balance model was formulated based on the current measurement model. The dynamic surface temperature distribution variations were characterized based on the measurements. The temperature variation history at different chordwise positions during ice accretion process was fully recorded and illustrated. Based on the temperature variation history along the airfoil surface, the heat transfer evolution in chordwise direction was evaluated. Finally, The effects of the liquid water content on the heat transfer process were elucidated based on the measurement results.
Nomenclature

Q in
= energy added into a control volume Q out = energy loss out of a control volume Q latent = latent heat of fusion during freezing Q adh = aerodynamic induced adiabatic heating Q kin = droplets kinetic energy Q cv = convective heat transfer Q sub/evp = energy loss due to evaporation and sublimation Q cd = conductive heat transfer L s = solidification latent heat T rec = average temperature within the boundary layer T s = surface temperature T airfoil = temperature of airfoil surface T ∞ = free stream temperature V volume = flow rate across the control volume m freeze = mass of frozen super-cooled water h cv = convective heat transfer coefficient h cd = conductive heat transfer coefficient roughness by applying an infrared thermography. Although the heat transfer map can be well characterized in these studies, no transient heat transfer information during an ice accretion process was discussed. Most of these studies were focused on the heat transfer characterization over the surface of an end-point ice shape. In order to get insight into the physical details during a dynamic ice accretion process, from droplet impingment to ice shape formation, a time resolved spatial temperature mapping is strongly desired to monitor and evaluate the heat transfer procees along with the ice accretion. Mohseni (2012) achieved the monitoring of ice accretion using an infrared imaging method. The ice accretion and growth pattern at the leading edge of a NACA 0021 airfoil were resolved in the measurements. However, no heat transfer details were discussed. In the present study, a methodology based on infrared thermography was developed to achieve nonintrusive measurements of unsteady heat transfer process over an ice accreting NACA 0012 airfoil. Comprehensive 2-D surface temperature distribution measurements under various icing conditions (e.g. air temperature, liquid water content, and wind speed) were performed in an icing wind tunnel. A heat balance model was formulated based on the current measurement model. In the context that follows, the dynamic surface temperature distribution variations were characterized based on the measurements. The temperature variation history at different chordwise positions over the iced region during ice accretion process was fully recorded and illustrated. Based on the temperature variation history along the airfoil surface, the heat transfer evolution in chordwise direction was evaluated. Finally, The effects of the liquid water content on the heat transfer process were elucidated based on the measurement results.
II. Heat transfer during ice accretion
The heat balance in a control volume during an ice accretion process over an airfoil is schematically shown in Fig 1 The energy added into the control volume includes the latent heat of fusion, adiabatic heating and kinetic heating energy. The energy loss out of the control volume includes the evaporation and sublimation, convection heat, energy radiation, and conduction heat (Myers 2001; Fortin et al 2006) . For an instant heat balance during the icing process, the energy added into the control volume is equal to the energy loss out of the control volume:
Heat added into the control volume is mainly from the latent heat of fusion released during the droplets freezing. The aerodynamic induced adiabatic heating and the kinetic energy caused by the droplets impacting also contribute to the heat increment in the control volume. Heat removed from the control volume is mostly due to the heat convection. Evaporation and sublimation also release a part of the energy. As for the conduction and radiation loss, they are generally dependent on the substrate and surrounding conditions. In this study, there is no obvious radiation source or absorber in surroundings; therefore, it can be assumed that the heat loss due to radiation is small in the current measurement model.
The latent heat of fusion is released when super-cooled water freezes upon impact on surfaces. There is energy given off during the transition from liquid to solid state. The amount of the released latent heat is the product of the mass of the supercooled water that freezes and solidification latent heat.
The adiabatic heating energy is generally introduced by viscous air friction on water/ice surfaces, which occurs inside the free stream boundary layer. The amount of adiabatic heat is defined as the convective heat of the flow from free stream temperature to recovery temperature.
The recovery temperature used here is defined as the average temperature within the boundary layer. The convective heat transfer is produced by the airflow over the surface, and is expressed as the product of the convective heat transfer coefficient and the temperature difference between the free stream and the water/ice surfaces.
Fig 1. A schematic of heat balance during ice accretion in a control volume
The heat loss by conduction can be expressed as a function of the conduction heat transfer coefficient and the temperature difference between the water film/ice layer and airfoil substrate surface.
As discussed previously, the heat added into the control volume is mainly from the latent heat of fusion released during freezing, while the heat loss out of the control volume is principally due to the convective heat transfer from the free stream flow and partially due to the conduction between the deposited water/ice and the airfoil substrate. Therefore, the heat balance can be written in the form of:
So in the control volume, the instant energy balance can be expressed as:
Since the airfoil will be pre-frozen to the same temperature level with that of the free stream flow before the water droplets impinge on it. The temperature difference in the convection and conduction terms are in the same level, denoted as ∆T, and can be expressed in the form of:
As the super-cooled droplets impinge onto the airfoil surface, a water runback behavior or an immediate freezing may present, depending on the air flow conditions. In general, most of the super-cooled water droplets are collected around the leading edge area. If the water runback occurs, the collected water will be distributed in downstream locations. Therefore, there is more latent heat of fusion released around the leading edge than that at the downstream. On the other hand, the roughness elements formed during the icing process will redistribute the water droplets impingement and water film flow, and induce aerodynamic transition and potential convective heat transfer enhancement. In this study, the time resolved temperature distribution over a NACA 0012 airfoil was measured using an infrared camera. Based on the energy balance model derived in this section, the amount of the latent heat release and the convective heat transfer variation could be estimated.
III. Experimental setup and measurement procedure A. Experimental facility and setup
The heat transfer measurements were performed in the ISU Icing Research Tunnel (ISUIRT) as shown in Fig 2. The wind tunnel is equipped with a heat exchange system and temperature controller with the capabilities to perform experiments at temperatures as low as -20 ºC. The wind speed in this closed circuit tunnel can achieve up to 90 m/s. There is a pneumatic spray system installed before the test section inside the tunnel. It is capable of geverating water droplets with diameters of 15-50 µm and the liquid water content adjustable from 0.1-3.0 g/m 3 . Various icing conditions can be achieved by setting the wind tunnel temperature, wind speed, and liquid water content conditions. A schematic of the experimental setup for infrared measurements is shown in Fig 3. The wind tunnel has a Plexiglas test section with a cross-section dimension of 10×10 inch (W×H). The test section panels are replacable, which makes both visible and infrared imaging experiments available by using different windows. In this study, an infrared transmission window (FLIR IR Window-IRW-4C) with a diameter of 4 inch is set in the top panel of the test section. An infrared (IR) camera (FLIR A615) was used in the measurements. The detectable wave length range of the camera is from 7.5 to 14 µm. The resolution of the camera can be up to 640 × 480 pixels, which is able to provide high accuracy of measured temperatures spotting even small objects from a distance. FLIR A615 adopts a new camera interface standard, GigE Vision, that allows for fast image transfer even over long distances. The camera is able to achieve 16-bit temperature linear output at 50 Hz, allowing a good time resolved measurement. The IR imaging measurements are conducted over a 4-inch chord NACA 0012 airfoil model mounted in the test section as shown in the figure.
B. Measurement calibration
In the IR imaging measurements, the IR camera was mounted above the test section at a distance of 350 mm. The infrared radiation from the airfoil and ice/water can be transmitted through the IR window with a transmission coefficient of 0.82. The emissivity coefficients of airfoil surface, ice, and water are listed in Table 1 , respectively. To validate the IR imaging measurements, a temperature calibration procedure is required. The IR camera was preset with the given parameters. A spot temperature measurement on the airfoil surface is performed using the IR camera and a thermocouple for comparison. The temperature range in the calibration process is from -11 to 0 ºC. A comparison of the temperatures measured by the IR camera and a thermocouple is shown in Fig 4. It shows that the temperatures measured by the IR camera and the thermocouple are in a good agreement. A correlation coefficient of 99.94% is achieved, validating the infrared tomography in achieving accurate temperature measurements over the airfoil in the icing wind tunnel. 
Table 1. Emissivity coefficients of materials used in the measurements
C. Test procedure
In this study, various icing conditions were achieved by setting the wind tunnel temperature, wind speed, and liquid water content values. In order to investigate and compare the heat transfer characteristics under different temperature and liquid water content conditions, the wind speed was first set at 40 m/s. The wind tunnel temperature was set at either -8 ºC or -4ºC to provide temperature conditions in simulating rime or glaze ice accretion. The liquid water content can be adjusted by setting water and air pressures in the spray system. A series of LWC levels were examined to offer comprehensive icing situations. The icing conditions discussed in this paper are listed in Table 2 .
During the IR imaging measurements, the wind tunnel temperature was monitored by a thermocouple set in the test section. To adjust the temperature to a desired level, a cooling process at low wind speed is required to fzeeze the air flow at temperatures below the desired value. Then turn up the wind speed to 40 m/s. The wind tunnel temperature will rise due to enhanced convection in the tunnel. Multiple adjustments are required to achieve a stable temperature environment. During this process, the IR window mounted in the test section may get frosted. A defrosting process (hair dryer blowing in this study) is necessary to eliminate the effect of frost on the temperature measurements. Then the air and water pressures in the spray system were set to produce the desired LWC level. The IR image acquisition and spray system start-up were simultaneously enabled to record the entire process of ice accretion, from droplet impingement, impact freezing, to film/rilulets runback over the airfoil surface. 3 ) and warm temperature (T ∞ = -4 ºC). It can be found that at the beginning of the icing process (t= 0.3 s), there are water droplets impinging onto the leading edge of the airfoil. The temperature difference between the droplets and free stream is smaller than 1 ºC, which indicates the droplets are in super-cooled state. As time advances, more droplets impinge onto the airfoil surface, and water/ice film forms at the leading edge area (t= 0.5-1.0 s). Since the latent heat is released when super-cooled water freezes, the temperature over the freezing area will increase as more water is collected on the surface. It can be seen that at t= 1.0 s, the film surface temperature close to the leading edge is higher than that at the downstram edge of the film. This indicates the initial icing process mainly happens near the leading edge, which generates more latent heat. As more water are collected onto the surface, the convective heat transfer is not enough to remove all of the latent heat from the super-cooled water. The water film forms and transports downstream. As time goes on, water rivulets will form during the process (t= 3.2-8.2 s). The latent heat in the water rivulets will then be removed at further downstream as can be seen at t= 8.2 s. The time evolution of temperature distribution over the icing airfoil at higher LWC level (LWC= 3.0 g/m 3 ) and warm temperature (T ∞ = -4 ºC) are shown in Fig 6. The super-cooled droplets impinge onto the leading edge of the airfoil at the beginning of this icing process (t= 0.2 s). As more droplets are collected at the leading edge area, water/ice film forms and develops downstream as can be seen from t=0.3 s to t=1.0 s. During this process, the temperature over the film region is uniform, which indicates a quasi-uniform latent heat release over the film surface. At the downstream edge of the film, a rough region forms as indicated by the random distributed spots. This is due to the break-up of the film flow and the splash of the impacting droplets when more water impinges onto the surface. The temperature in the feather-like rough region is lower than that over the film region. This is a result of the reduced water deposition mass combining with the enhanced convection as turbulent intensity increases caused by the feather-like roughness. With time going on, water rivulets form further downstream (t= 1.1-2.6 s). The residual latent heat in the water rivulets will be removed as they flow downstream. The water collected after t= 2.6 s will follow the track of the film and rivulets and expand further down stream. the super-cooled water. So as the water droplets impinge onto the airfoil surface, they will freeze immediately on impact, and there is no further runback behavior observed (t= 0.3-0.6 s). As more droplets impinge onto the leading edge, more latent heat is released by the heat transfer, which is indicated by the higher temperature near the leading edge (t= 1.1-9.0 s). During the icing process under this situation, a feather-like rough region forms at the downstream edge of the film region. Since less water is deposited at this region, and a enhanced convective heat transfer dominant at the rough region, a smaller temperature difference is indicated in this region. It can be found that the temperature distribution remains the same after t= 2.0 s. It is because at a cold temperature, impinged droplets forms into ice on impact, and the ice layer becomes thicker as time goes on, rather than expands further downstream as that happens at a warm temperature. ) and cold temperature (T ∞ = -8 ºC). It is observed that at initial state (t= 0.2-0.6 s), the water droplets freeze immediately as they impinge onto the airfoil leading edge, and there is no runback behavior happening. This is due to the adequate heat transfer that can remove all of the latent heat in the super-cooled water. During the icing process under this situation, more roughness elements form downstream as more water impinges and splashes. The lower temperature over the roughness region is indicated because of the decreased water content at downstream and the stronger convective heat transfer induced by the rough elements. As more droplets impinge onto the leading edge, the heat transfer is not sufficient to remove all of the latent heat in the collected super-cooled water, though the temperature is cold. A water runback behavior can be observed after t= 1.1 s. And water rivulets form downstream as can seen from t= 1.1-1.7 s. However, since the temperature is cold, though the heat transfer can not remove all of the latent heat immediately on impact, it can remove the residul latent heat in the water rapidly as the rivulets flow downstream. Therefore, rivulets shaped ice forms along the airfoil surface, and will increase the turbulence intensity 
Leading edge of airfoil
as well as the convective heat transfer. As time goes on, the collected water will follow the track of the existing ice pattern and freeze further downstream.
B. Temperature variation history and heat transfer evolution along chordwise direction.
In order to investigate the heat transfer evolution over the airfoil surface during an icing process, five monitoring points were set at different chordwise positions to record the temperature variation history during ice accretion as shown in Fig 9. Point A was set at the leading edge of the airfoil. The five poins were alighed with same spacings: AB=BC=CD=DE =10% chord length. The latent heat released in a local control volume is dependent on the amount of super-cooled water deposited in it. During an icing process, generally, there is a water collection stage at first, in which the amount of the collected water increases with time. If all of the latent heat in the collected water can be removed by the heat transfer, the temperature difference between surface and incoming flow is a indication of the amout of latent heat released, and hence implies the amount of water collected in the control volume. After this water collection stage, the amount of water flow in and out of the control volume reaches an equilibrium state. However, surface roughness elements will form during the icing process, which can essentially change the boundary layer flow and heat transfer process. Now the temperature difference becomes an indication of the capability of the local heat transfer. In this section, the relative temperature variation history at five monitoring points under the four icing situations, as described in the last section, will be discussed in detail. The heat transfer evolution under different icing conditions will be further disscussed. 
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film, and the local film flow rate becomes stable, resulting in a constant local latent heat release as indicated by the constant temperature level in the figure. As the water flows downstream, the points set downstream experience similar processes as indicated by point B, C, and D in the figure. However, it can be found that the constant temperature level decreases as monitoring point moves downstream. It is partially because of the decreased water content at the downstream locations. And in the other hand, the convective heat transfer is enhanced as more roughness elements form downstream. The formation and growth of the roughness elements at the downstream edge of the film region could trigger the boundary layer flow transition, and hence enhance the local convective heat transfer. Point E is out of the iced region in this situation, so the temperature varies little near zero, and no heat transfer information is illustrated. ) under the same temperature condition (T ∞ = -4 ºC). There are more water droplets impinging onto the airfoil surface per unit time under this condition. At the initial stage, the relative temperature near the leading edge increases to a higher level immediately as water droplets impinge onto the airfoil surface as indicated by the temperature variation at point A and B. As time advances, the water droplets form into water/ice film, and expand downstream. With the present of water film at downstream locations, there is latent heat released, which is indicated by the temperature increase as can be seen in the figure (point C, D, and E). As the water/ice film covers the whole monitoring region, the temperatures at the five monitoring points reach the stable state as shown in the figure. It is obvious that the stable state temperature at downstream location is lower than that of upstream. This is, in one hand, due to the water content reduction during the film movement. As less water presents at downstream locations, less latent heat is released. In the other hand, there are feather-like and rivulets shaped roughness elements form at downstream positions, which could essentially change the boundary layer flow pattern, and enhance the convective heat transfer. Based on the heat balance expression derived in this paper, the less latent heat release and higher heat transfer coefficient will certainly result in a smaller temperature difference as evidenced in the figure. . Since the temperature is sufficiently cold in this situation, initial ice spots and film rapidly form and accrete around the leading edge as indicated in the figure. The temperatures at point A, B, and C increase to constant levels in the same time. Because the collected water droplets are continually deposited at leading edge region and no chordwise water transportation occurs, the ice film could not entirely cover point D and E, which is indicated by the low temperature level in the figure. Based on the stable state temperatures at point A, B, and C, a similar phnamenon can be noticed that the temperature level at the downstream location is lower than that at the upstream location. There is no water runback behavior presents in this icing condition, ice accretion happens upon the droplets impact and collection. Therefore, the latent heat release is dependent on the water collection efficiency at different chordwise locations. It has been reported by Da Silveira that the water collection efficiency is maximum at the leading edge location, and Gaussian distributed in a small range around the leading edge (Da Silveira et al 2003) . So it can be speculated that the amount of latent heat release has a similar distribution as the water collection efficiency, and this is consistent with that shown in the figure. At the downstream edge of the icng area, there are plenty of feather-like elements formed, which can essentially enhance the convective heat transfer. This is also a reason of the low temperature level at point D and E. -8 ºC) . During the icing process under this situation, more water impinges onto the airfoil surface. Because the temperature is sufficiently cold at the first stage, the impinging water droplets freeze immediately upon impact, indicated by the temperature boost at point A and B in the figure. As more droplets are collected on the surface, more latent heat is released. The convection, however, is not enough to remove all of the latent heat from the impinged water. Water runback occurs, and the iced region expands downstream as suggested by point C, D, and E. It can be found that the stable state temperatures at point A and B are the same as indicated in the figure. It is because of the sufficiently high LWC that dramatically increase the amount of water collected around the leading edge, and hence uniform the latent heat release at the leading edge area. A similar temperature decrease phenomenon can be noticed as the monitoring point moves downstream. It is mainly due to the water content reduction during water runback transportation.
C. Effect of LWC on the temperature variation and heat transfer
As discussed in the previous sections, the LWC level has a big effect on the ice accretion process. Both the water droplets collection and water runback behavior are significantly affected by the LWC level set in the icing condition. Considering the heat balance model formulated in this study, if keep the temperature of the airflow and the airfoil substrate constant, and switch the LWC to different levels, the point-wise heat transfer process may vary, and could be reflected in the temperature variation history. In this section, the wind speed is set at 40 m/s, and the wind tunnel temperature is stabilized at -8 ºC. The LWC is switched in a range covering 0.3, 0.5, 1.0, and 3.0 g/m 3 . By comparing the temperature variation history under different LWC conditions, the effect of LWC on the heat transfer at different chordwise locations can be evaluated. Fig. 14-16 show the relative temperature variation history at the different LWC levels at point A, C, and E. The effect of LWC level on the heat transfer at the leading edge area, the smooth film region, and the rough elements region are discussed, respectively, in this section. . It has been investigated that the highest water collection efficiency usually happens at the leading edge area. At a cold temperature condition, if the heat transfer is sufficient to remove all of the latent heat in the collected water, the collected water droplets will freeze immediately upon impact at the leading edge area. It can be found that for the different LWC levels, the temperature at the leading edge rapidly increase to constant levels as shown in the figure. For the case of LWC at 0.3 g/m 3 , the stable state temperature is low as compared with other cases. It is due to the smallest amount of water collection at such a low LWC level, and hence the least release of the latent heat of fusion. As the LWC level increases to 0.5 and 1.0 g/m 3 , the temperature increases to the stable state level even more quickly, and retains at a higher level. Enen the LWC veries from 0.5 to 1.0 g/m 3 , the temperature variation history keeps in the same trend and level. It is because there is critical LWC level, beyond which the heat transfer is not edequate to remove all of the latent heat in the water. The critical LWC level at the leading edge under this temperature condition may at or smaller than 0.5 g/m 3 . As the LWC level increases to 3.0 g/m 3
, it can be seen that the stable state temperature presents a lower level as compared with the cases of LWC at 0.5 and 1.0 g/m 3 . It is speculated that the high LWC level could adversely affect the water collection process and reduce the latent heat release at the leading edge.
The temperature variation history under different LWC conditions at the film region (point C) is shown in Fig.  15 . It can be found that for the different LWC levels, the temperature varitions at this location gradually increase to constant levels. For the case of small LWC at 0.3 g/m 3 , the stable state temperature is low and just above the zero level. In this icing case, the icing region is small because of the low LWC level, most of the water droplets are collected and frozen around the leading edge. Point C is located at the downstream edge of the icing region, with little latent heat release from the super-cooled water. And there are roughness elements form at this location, which may further enhance the convection, and present a lower temperature. As the LWC level increases to 0.5 and 1.0 g/m 3 , the temperature variations show a similar evolution process and stabilized at different levels. When the LWC level further increases to 3.0 g/m 3 , the temperature quickly increase to the same level as that of the LWC at 1.0 g/m 3 . This indicates that the critical LWC level at this location may at or smaller than 1.0 g/m
3
. The high LWC level does not show any adverse effect as that at the leading edge. Fig. 16 shows the temperature variation history under different LWC conditions at the rough region (point E). It can be found that for the LWC levels from 0.3 to 1.0 g/m 3 , the temperature veries little and stays at a low level just above zero. This is because at these LWC conditions, the icing area can not entirely expand to the location of point E. There is very little water content exists here, and small amount of latent heat could be released. Moreover, the roughness elements formed in this region could significantly change the boundary layer flow and enhance the convective heat transfer, which is typically reflected by the decreased temperature difference. As the LWC level increases to 3.0 g/m
V. Conclusions
In this study, a heat transfer model was formulated based on the measurement model. The relationship between the latent heat release, relative temperature (T s -T ∞ ), and the heat transfer terms was derived. Based on the derivation, the heat transfer evolution can be estimated as indicated by the relative temperature variation at various latent heat release levels at different chordwise locations. A methodology based on infrared thermography was developed to acquire nonintrusive measurements of the unsteady heat transfer process over an ice accreting NACA 0012 airfoil. Comprehensive 2-D surface temperature distribution measurements under various icing conditions (e.g. freestream temperature, liquid water content, and wind speed) were performed in an icing wind tunnel. Based on the IR measurements, the dynamic surface temperature distribution variations were characterized. The temperature variation history at different chordwise positions over the iced region during ice accretion process was fully recorded and illustrated. Based on the temperature variation history along the airfoil surface, the heat transfer evolution in chordwise direction was evaluated. Finally, The effects of the liquid water content on the heat transfer process were elucidated based on the point-wise temperature variations.
At warm temperature conditions (T ∞ = -4 ºC), after the droplets impinge onto the airfoil surface, a water/ice film forms at the leading edge area. As more water is collected, the convective heat transfer is insufficient to remove all of the latent heat from the super-cooled water. The water film transports downstream and water rivulets form. More latent heat in the water is removed during the rivulet flow. At a high LWC level condition, a typical glaze ice accretion can be simulated, which includes droplet impingement and splash, water film/rivulets flow, and featherlike or rivulet-shaped roughness formations. The latent heat release decreases at downstream positions. The heat transfer is essentially enhanced as the film develops downstream.
At a cold temperature condition (T ∞ = -8 ºC), water droplets freeze immediately upon impact on the airfoil surface due to the adequate convective heat transfer. During the ice accretion process, both a film region and a rough region form on the surface. The convective heat transfer coefficient in the rough region is higher than that in the film region as indicated by the temperature variations, which is due to the intensified turbulence flow caused by the roughness elements. As the liquid water content increases to a sufficiently high level, the convective heat transfer is inadequate to remove all of the latent heat in the collected water. Water runback occurs and forms rivulets downstream. The residul latent heat in the water can be fully removed as the rivulets flow downstream, and results in rivulets shaped roughness along the airfoil surface. The increased roughness elements will further enhance the convection.
The liquid water content basically affects the water collection and runback behaviors on the airfoil surfaces. And there is a critical LWC level, above which the heat transfer is not able to remove all of the latent heat in the collected water. This critical LWC value varies at different chordwise locations. Since the water content is reduced when water film/rivulet transports downstream, the amount latent heat release is different at different chordwise positions even at the same LWC level. The roughness formations at downstream can enhance the heat transfer, and can be reflected in the point-wise temperature variation history.
